Background {#Sec1}
==========

Polyploidy is a property of an organism in which cells contain more than two complete sets of chromosomes. It has been an important evolutionary force shaping the process of diversification over the full history of eukaryotic life \[[@CR1]--[@CR3]\]. Evidence of polyploidization has been documented along a continuum from ancient speciations dating to 300--500 Mya \[[@CR4], [@CR5]\] to recent events of the last 100 years \[[@CR2], [@CR6]--[@CR10]\]. Rates of polyploid speciation \[[@CR11], [@CR12]\], evolutionary consequences of polyploid formation \[[@CR3], [@CR13]--[@CR15]\], factors promoting polyploidy \[[@CR16], [@CR17]\], and genomic modifications taking place after polyploidization \[[@CR18]--[@CR21]\] have been of recent and ongoing interest.

Polyploidy is often associated with plant evolution in particular, as all angiosperms are recognized to have a paleopolyploid ancestry \[[@CR5]\], and \~15% of speciation events in this group are associated with polyploidization \[[@CR11]\]. However, hundreds of examples of polyploid animals, invertebrate and vertebrate, are also known \[[@CR13], [@CR22]\]. Polyploid organisms are broadly classified as either auto- or allopolyploid in origin \[[@CR23]--[@CR25]\]. Allopolyploidy is defined by hybridization between two separate species that results in a polyploid genome, whereas autopolyploidy results from within-species genome duplication. Evidence of allopolyploid speciation has been documented for many eukaryotes, including a substantial number of plants \[[@CR6], [@CR26]--[@CR31]\].

Hybridizations that result in polyploid speciation combine homeologous chromosomes from two or more distinct lineages, each with its own evolutionary history \[[@CR2], [@CR32]\]. Consequently, accurate identification of hybrid progenitors has critical importance to phylogenetic reconstruction. Many studies have used incongruence between nuclear (predominantly ribosomal DNA) and cytoplasmic genomes (chloroplasts or mitochondria) as evidence of hybrid origins of a species \[[@CR32]--[@CR37]\]. This approach, however, is limited to cases in which ribosomal DNA and genes encoded in chloroplast or mitochondrial genomes accurately record alternative evolutionary histories \[[@CR38]\]. Additionally, ribosomal DNA is affected by concerted evolution that promotes homogeneity between paralogs inherited from distinct parental species, making the detection of separate ancestral genomes difficult \[[@CR39], [@CR40]\].

Low-copy nuclear genes are more likely to have retained homeologs---homologous genes inherited from the hybridizing parents---for each ancestor \[[@CR39], [@CR40]\]. Such loci record distinct ancestral histories and are therefore informative in reconstructing hybridization events. Nuclear loci are a rich source of phylogenetic markers. They are largely unlinked, span a range of substitution rates, and are less prone to concerted evolution than ribosomal DNA \[[@CR41]\]. However, obtaining haplotype-specific sequences representing all copies of a given marker is challenging, especially for polyploids \[[@CR42]\]. As a result, many phylogenetic studies still use consensus assembly of single sequences, even for potentially allopolyploid species \[[@CR43], [@CR44]\].

Haplotypes in polyploids {#Sec2}
------------------------

A variety of approaches exist to produce haplotype data for polyploids. The most frequently employed methods separate gene copies *prior* to sequencing \[[@CR45]--[@CR49]\]. Strategies for haplotype or homeolog isolation include extracting DNA from available haploid material \[[@CR50]\], obtaining inbred lines \[[@CR51], [@CR52]\], developing homeolog-specific primers \[[@CR41], [@CR51], [@CR53]--[@CR56]\], utilizing bacterial cloning \[[@CR57]\], running single molecule PCR (smPCR) \[[@CR41], [@CR58]\], and employing single-strand conformation polymorphism (SSCP) gels to isolate homeologs \[[@CR59]\].

Each of these methods is associated with significant challenges. Bacterial cloning, the most commonly employed method, is expensive and labor intensive, and involves the risk of missing alleles, selecting alleles generated through PCR error \[[@CR60]\], or bias towards shorter inserts. More generally, PCR-based methods are either labor intensive, likely to result in large amounts of missing data, or both.

Notably, next-generation sequencing (NGS) provides new ways of computationally separating individual haplotypes, as individual reads generated by NGS are derived from a single DNA molecule and hence are haplotype-specific by nature \[[@CR61]\]. Extending beyond similar approaches for diploids \[[@CR62], [@CR63]\], recent methods allow for haplotype assembly from NGS reads in polyploids \[[@CR64]--[@CR66]\]. For example, HapCompass, the tool we use in this study, phases haplotypes during assembly by using co-occurrence within NGS reads of alleles at different sites along a chromosome. To generate haplotypic data for phylogenetic inference on hybrids, target capture \[[@CR67]\] and NGS followed by computational haplotype assembly circumvents many of the problems of molecular isolation approaches.

Identifying hybridization events involved in polyploid formation {#Sec3}
----------------------------------------------------------------

In the subsequent phylogenetic analysis of haplotype-specific sequences obtained from a set of taxa, each gene tree is multilabeled, and contains more than one sequence per taxon. Such multilabeled trees can be combined into species networks \[[@CR19]\] using, for instance, a consensus cluster-network method \[[@CR41], [@CR53], [@CR68]--[@CR70]\].

However, other evolutionary processes besides hybridization, such as incomplete lineage sorting (ILS), can also lead to incongruence between gene genealogies \[[@CR71]\]. In closely related species---exactly those species that tend to hybridize---ILS leads to a pattern similar to that generated by hybridization in the discordance between gene trees \[[@CR72]\]. This issue renders consensus approaches to reconstructing hybridization histories of closely related species problematic. Therefore, methods have been proposed for accounting for ILS while reconstructing ancestral hybridization events \[[@CR73]--[@CR77]\]. Although such methods do provide a conceptual advance, they can be limited either by their computational burden or by restrictive modeling assumptions. For instance, it takes a long time to run likelihood-based inference in PhyloNet when many taxa and a complex evolutionary scenario are considered. STEMhy only operates on a set of four taxa: a hybrid, two sister parental taxa, and an outgroup.

One approach for circumventing these difficulties is to identify candidate hybridization events via a consensus summary of a set of multilabeled gene trees and to further test every candidate hybridization in an ILS-aware likelihood framework \[[@CR74], [@CR78]\] against a scenario with no hybridization. The idea is that a consensus approach might report erroneous hybridization events when ILS is not specifically considered, but that further ILS-aware tests would not support them. Here, we utilize this strategy with a large number of multilabeled gene trees generated for a set of *Fragaria* (strawberry) species.

Fragaria {#Sec4}
--------

*Fragaria* is an emerging model system in evolution and ecology and is an archetype for the study of allopolyploid speciation (reviewed in \[[@CR79]\]). This contribution follows in a long line of crop plants that have yielded critical insight into plant genomics and evolution \[[@CR21], [@CR80]\].

The genus is relatively young, with extant species estimated to have last shared a common ancestor 1.0--4.1 million years ago \[[@CR81]\]. Wild *Fragaria* have a northern hemisphere distribution that includes a single species in southern South America. The genus has a center of diversity in China, and strawberries are found wild on all continents except Australia and Antarctica. Currently, 22 species of strawberry are accepted. Ten of these are polyploids, with a complete series of even ploidy levels ranging from tetraploid to decaploid. Though some uncertainty exists, the polyploids have been treated as having hybrid rather than autopolyploid ancestry.

Prior phylogenetic work in *Fragaria* has been based on morphological and cytological characteristics \[[@CR82]\], chloroplast sequence data including whole cpDNA genomes \[[@CR81], [@CR83]\], and high- and low-copy nuclear regions on the order of one to two loci \[[@CR83]--[@CR85]\]. Collectively, these studies highlight both areas of high certainty (e.g. the presence of a "vesca" and a "China" clade) as well as poorly resolved relationships (e.g. the placement of *F. iinumae, F. nilgerrensis,* and *F. viridis*), including the precise parental heritage of most of the polyploids \[[@CR30]\]. The China clade includes 4 diploid (*F. chinensis, F. daltoniana, F. nubicola, F. pentaphylla*) and 4 tetraploid species (*F. corymbosa, F. gracilis, F. moupinensis, F. tibetica*) endemic to China and adjacent Himalayan countries and one diploid species endemic to Japan (*F. nipponica*) \[[@CR79]\]. The vesca clade includes 9 species: the closely related diploids *F. bucharica, F. mandshurica*, and *F. vesca,* the tetraploid *F. orientalis,* the hexaploid *F. moschata*, the octoploids *F. chiloensis* and *F. virginiana*, and the decaploids *F. cascadensis* and *F. iturupensis*. The cultivated and naturally occurring hybrids of *F. chiloensis* and *F. virginiana* are called *F. ×ananassa*.

Here, we examine allopolyploid speciation in strawberries in a phylogenetic framework using target capture data. Our dataset includes nearly complete taxon sampling: 20 species and subspecies covering all assumed diploid progenitors (*F. hayatai,* a close relative of *F. nilgerrensis* endemic to Taiwan, was not sampled) and all polyploids except the recently described *F. cascadensis* \[[@CR86]\]. We use an extensive set of 257 low-copy nuclear loci and reconstruct haplotypes using HapCompass, the first tool allowing direct haplotype assembly for polyploids \[[@CR87]\]. We first determine a "background" species tree on which hybridization events can occur. We then propose hybridizations from gene tree topologies, further testing each such event in an ILS-informed likelihood framework in STEMhy \[[@CR88]\] and PhyloNet \[[@CR78]\]. We apply this strategy to obtain insights into the polyploid origins and evolution of strawberry species.

Methods {#Sec5}
=======

The workflow of our data analysis is outlined in Fig. [1](#Fig1){ref-type="fig"} and is summarized here, with greater detail provided in subsequent sections. Illumina sequencing reads were obtained via target capture for 1419 exons corresponding to 257 genes from 20 *Fragaria* species and *Drymocallis glandulosa*, an outgroup species. Sequencing data were analyzed in two rounds to obtain unphased genotypes and consensus assemblies. In the first round, the *F. vesca* genome was used as a reference and Illumina reads were mapped to the reference to obtain an individual-specific consensus sequence assembly for every gene. In the second round, reads were aligned to the individual-specific reference sequences (generated in the first round of assembly) and final unphased genotypes were generated. Using linkage information captured by NGS reads, unphased genotypes were phased to obtain haplotypes for every individual at every gene. Assembled sequences were used to construct multilabeled gene trees for each assembled block of sequence. The topologies of the multilabeled gene trees were summarized in a consensus format to identify putative hybridization events leading to the formation of polyploid species. Lastly, putative hybridization events were tested in an ILS-aware framework to confirm some of the candidate hybridizations.Fig. 1Overview of the analysis. *Step 1* of the workflow illustrates DNA extraction and target capture sequencing. *Step 2* includes standard NGS data clean - up steps such as read trimming, mapping to reference, and variant calling performed as described in the "Sequence and haplotype assembly" subsection of the methods. Haplotypes were phased using assembly with the HapCompass program, which utilizes the fact that alleles of different markers will co-occur in NGS reads if they are present within same the haplotypes. *Step 3* of the workflow includes a procedure for identifying regions of contiguous haplotype assembly across individuals represented by haplotypes within the alignments. Then standard steps in phylogeny reconstructions are included to obtain gene phylogenies. However, since some alignments were short with few informative sites, we used the SH test to evaluate if alignments do contain detectable phylogenetic signal. *Step 4* of this workflow illustrates inference of a species tree from a set of gene trees. *Step 5* depicts the summarizing of gene trees into consensus network. Step 6 shows the testing of candidate hybridizations in an ILS-aware framework

Samples and sequencing {#Sec6}
----------------------

In this step of the analysis, plant tissue from 54 individuals was used to obtain sequencing reads for 257 phylogenetic markers for each individual (Fig. [1](#Fig1){ref-type="fig"}, step 1).

### DNA samples and probe design {#Sec7}

Fifty-three individuals of 20 species of *Fragaria*, representing the taxonomic diversity of the genus, and one individual from an outgroup taxon, *Drymocallis glandulosa*, were included in the analysis (Additional file [1](#MOESM1){ref-type="media"}: Table S1). *F. vesca* was intensively sampled because it is the most widespread species and has been subdivided into multiple subspecies. Diploid genomic DNA was extracted from leaf tissue using the FastDNA Kit® (Qbiogene, Irvine, CA, USA). A total of 50--100 mg of tissue was used for extractions. In cases in which collections were acquired as seed, samples were grown in a Percival growth chamber following standard germination protocols for *Fragaria*, and leaf tissue was collected as it became available.

Hybridization probes used in the targeted capture of 1419 exons were developed following Liston \[[@CR89]\]. Briefly, putative single-copy genes were identified in the strawberry genome using BLAT \[[@CR90]\]. In order to obtain sufficient phylogenetic resolution, each gene was required to contain at least 960 bp of sequence. To maximize target capture, all exons \<80 bp long, with GC content \<30% or \>70%, and with \>90% sequence similarity to annotated repetitive DNA in the genome were removed. Each retained exon was compared to the full set of retained exons; any exon with \>90% sequence similarity to another target exon in the reference *F. vesca* genome was excluded. These steps produced 1419 exons from 257 genes, which were then used for final probe design (MycroArray, Ann Arbor, MI). For exons 80--120 bp long, a single oligonucleotide probe was used (1X tiling), and for exons \>120 bp long, a 50% overlap (1.5X tiling) was used. The average targeted locus was 1744 bp long in 1--20 exons (mean = 5.5 exons), with average GC content 44.1%. Targeted sequence totaled 448,163 bp, with genes dispersed throughout the *F. vesca* genome. Over 95% (245) of the genes have a putative *Arabidopsis* ortholog, and 182 have a known molecular function.

### Library preparation, solution hybridization, and sequencing {#Sec8}

Library construction, solution hybridization, and sequencing followed Weitemier et al. \[[@CR67]\]. Illumina sequencing libraries were prepared with NEBnext reagents (New England Biolabs, Ipswich, MA), Bioo index adapters (Bioo Scientific, Austin, TX), and 200 bp inserts size-selected from agarose gels.

The enriched pools were sequenced on two lanes of 101-bp single-end reads and 2 lanes of 101-bp paired-end reads with the Illumina HiSeq 2000 and one lane of 250-bp paired-end reads with the Illumina MiSeq by the Center for Genome Research and Biocomputing at Oregon State University. Some samples were sequenced more than once due to low read output. Diploids were sequenced using 101-bp single- and paired-end reads, and polyploids were sequenced using 250-bp and 101-bp paired-end reads. Base calling and sample demultiplexing followed standard Illumina workflows. Sequencing reads were deposited in the National Center for Biotechnology Information Sequence Read Archive.

Sequence and haplotype assembly {#Sec9}
-------------------------------

In this step of the analysis, raw sequencing reads generated for 257 nuclear genes in 54 individuals and contigs from *F. vesca* were used as the input. The end products for every individual across each of the 257 genes include: (1) consensus sequence; (2) a set of unphased variants; and (3) a set of phased variants (Fig. [1](#Fig1){ref-type="fig"}, step 2). An online tutorial for this section of the analysis is also available \[[@CR91]\].

To prepare references for read mapping, a blastn search was used to map all 1419 exons \[[@CR89]\] onto *F. vesca* scaffolds using genome assembly v.1.1 \[[@CR92]\]. Manual adjustment for exons not mapped over their entire length was conducted as needed. Contig sequences were extracted for every gene, including all exons, introns, and an additional 300 bases upstream of the first exon and 300 bases downstream of the last exon, and were used as reference sequences for read mapping (Additional file [2](#MOESM2){ref-type="media"}). Locus coordinates appear in Additional file [3](#MOESM3){ref-type="media"}: Table S2. The iterative assembly process is outlined here and depicted graphically in Additional file [4](#MOESM4){ref-type="media"}: Figure S1. In general, we follow the "best practices" workflow that appears on the GATK website.Reference sequences were indexed with samtools-0.1.19, and a dictionary of the reference sequences was created using picard-tools-1.96 \[[@CR93]\]. Either sequence from the whole-genome assembly of *F. vesca*, obtained as described in the previous paragraph, or individual-specific consensus sequences obtained in step 4 of the first iteration of this pipeline were used.Raw sequence reads from Illumina sequencing were trimmed with Trimmomatic-0.32 \[[@CR94]\], removing regions of poor quality and adapter sequences.Trimmed reads were mapped to the reference sequences using bwa-0.7.5a \[[@CR95]\]. An alignment was created in sam and converted to bam format, followed by sorting and indexing using samtools. Sequencing pools generated from the same individuals across multiple Illumina runs were merged, sorted, and indexed again; duplicate reads were removed from the merged files with samtools. Reads were realigned around indels using GenomeAnalysisTK-2.6-5-gba531bd \[[@CR63]\]. Genotypes were called with GATK using bam files from the previous step and setting ploidy for each individual. Low-quality genotypes were excluded (QUAL \< 50 and QD, "Variant Confidence/Quality by Depth", \<2). Among high-quality genotypes, we retained only those with read depth \> 4; for heterozygous variants, we required at least 4 reads to have the minor allele. Subsequently, base-quality scores were recalibrated; the calibrated bam file was obtained for every individual and was used to call genotypes with GATK again. This step produced unphased genotypes used in further analysis.Genetic variants obtained in the previous step were supplied to GATK to generate consensus sequences for every gene for every individual. These sequences were used as new references for every individual, and steps 1--3 were repeated with these individual-specific references. Unphased variants obtained in step 3 in the second iteration were supplied to step 7.Mpileup and view commands from samtools were used to summarize bam files to obtain site-specific coverage information for every locus for every individual. Positions with fewer than 3 aligned reads were considered to have low coverage.For every gene, in every individual, the fraction of positions with low coverage was calculated, and was then normalized by subtracting the mean and dividing by the standard deviation calculated across individuals for that gene (Additional file [4](#MOESM4){ref-type="media"}: Figure S2). Normalized values were averaged across genes within each individual. Fourteen individuals from seven species had a value of 0.25 or larger and were excluded from further analysis (Additional file [4](#MOESM4){ref-type="media"}: Figure S2).Haplotype assembly was carried out using HapCompass v0.6.2 \[[@CR87]\]. Calibrated bam files and vcf files obtained in step 3 in the second iteration of the pipeline were used to phase genotypes using linkage information within read data, setting the ploidy for each individual. This step yielded phased genotypes in haplotype assembly blocks for every gene for every individual.

Gene tree reconstruction {#Sec10}
------------------------

In this step, individual-specific haplotype and consensus sequences were used to produce gene trees for each alignment found suitable for phylogenetic reconstruction (Fig. [1](#Fig1){ref-type="fig"}, step 3). We also developed an online tutorial that describes each step of this section \[[@CR96]\].

### Constructing datasets {#Sec11}

The sets of taxa used in each round of analysis and the choices of consensus versus haplotype assembly appear in Fig. [2](#Fig2){ref-type="fig"}. Alignments were determined to be useful for phylogenetic inference if they were longer than 500 bp (600 bp for dataset 5 as this dataset contains the largest number of sequences per alignment because all individuals are represented by haplotypes). In dataset 5, in which all of the genomes were included as haplotypes, only 69 alignments exceeded 600 bp in length, summing to 40,736 aligned base pairs. This value is 10-fold fewer than the 423,081 aligned base pairs obtained for dataset 3, where all individuals are represented by consensus sequence, and no positions were lost due to gaps in haplotype phasing. Dataset 5 yielded a species tree with low bootstrap values. As expected in cases of allopolyploid origin of polyploid species, when we examined distances between haplotypes derived from the same individuals, we found that haplotypes from diploid individuals were more closely related to each other than were haplotypes from polyploid individuals. This was particularly true for individuals from the octoploid species *F. virginiana* and *F. chiloensis* and the decaploid lineage *F. iturupensis* (Additional file [4](#MOESM4){ref-type="media"}: Figure S3). This pattern suggested that haplotypes from diploids would likely group together in the phylogenetic analysis and would not provide additional information on the ancestry of polyploids, while at the same time introducing additional breaks in haplotype assembly blocks across individuals. Because the main goal was to infer the origin of polyploid species, we chose to represent the diploid individuals as consensus sequences in dataset 4 (Fig. [2](#Fig2){ref-type="fig"}). This choice substantially increased the number of alignments that were useful for phylogenetic analysis (from 69 in dataset 5 to 282 in dataset 4).Fig. 2Taxonomic and sequence composition of different datasets used for phylogenetic analysis. Sampled species, their geographic range, ploidy level, the number of individuals included from each species, and taxonomic sampling in every dataset are shown. For each dataset, the total number of aligned base pairs is shown as well. Consensus sequences (or haplotypes in the case of dataset 5) from one individual from a diploid outgroup species, *Drymocallis glandulosa*, were included in every dataset and were used to root gene trees

However, even when using consensus sequences for diploids and haplotypes for polyploids (dataset 4), well-resolved gene trees were not obtained. We therefore evaluated polyploid progenitors using partial taxon sets. These sets included the consensus sequence for all diploid species along with one polyploid species represented by haplotypes (Fig. [2](#Fig2){ref-type="fig"}, datasets 6--14). Subsequent analyses considered each dataset individually.

### Generating alignments {#Sec12}

Here we describe how fragments of genes with continuous haplotype assembly were identified, and how alignments were generated for one generic case. References generated as a consensus for every individual in a dataset for every gene were aligned to each other using MAFFT v7.164b \[[@CR97]\] (linsi \--op 1.53 \--ep 1 command-line options). Next, for each gene, haplotype assembly blocks from individuals included as haplotypes (e.g., in dataset 12, *F. chiloensis* individuals) were mapped onto the consensus alignment using custom scripts with alignments and coordinates of haplotype assembly blocks as the inputs. Regions with continuous haplotype assembly were determined as follows, first from left to right and then from right to left (pseudo code in Additional files [4](#MOESM4){ref-type="media"}: Figures S4 and S5).

Working from left to right and starting from "position" 1 as the left (5′) border of the alignment fragment, all haplotypes covering this position were identified and were preserved in list "A". In the case of the very beginning of the gene (or the very end of it), there can only be one haplotype block per individual covering the "position". However, once the procedure moves to the next iteration, two haplotype assembly blocks could potentially cover this position in some individuals (for instance, iteration 2 of the procedure highlighted in Additional file [4](#MOESM4){ref-type="media"}: Figure S5). The right (3′) border was determined as the right-most position covered by at least one of the haplotypes from each individual from list A; these haplotypes were saved for further consideration. As an example, in Additional file [4](#MOESM4){ref-type="media"}: Figure S5 iteration 2, the individual depicted in gray would only have one haplotype remaining in list "A", the one that reaches the end of the gene. The rest of the haplotypes were removed from list A, and the right border position was recorded. The left border was then changed to the left-most position covered by at least one of the haplotypes from list A from each individual. The utilized fragment was determined by the left and right border positions and haplotype names. The new "position" was set to the location of the right border of the previous fragment plus 1, and the process was repeated until the end of the alignment.

Haplotype fragments were selected for phylogenetic analysis on the basis of length, from longest to shortest. Because generated fragments can overlap with each other, the longest fragment available was selected first, all overlapping fragments were excluded, and the process was repeated until no fragments of suitable length remained. Haplotypes from the same fragment were aligned to each other and to consensus sequences from diploids for datasets 4 and 6--14, using MAFFT as above (Fig. [2](#Fig2){ref-type="fig"}). In each alignment, flanking regions of alignments not covered by haplotypes were trimmed and regions with insufficient sequence coverage were removed.

### Building and testing gene trees {#Sec13}

For every dataset (Fig. [2](#Fig2){ref-type="fig"}), nonoverlapping aligned fragments of appropriate length were used for phylogenetic inference. Phylogenetic trees were reconstructed from every fragment using PhyML \[[@CR98]\] run with 100 non-parametric bootstraps to evaluate clade support, implementing the best-fitting evolutionary model as determined by jModelTest 2.1.7.2 \[[@CR99]\]. Every gene tree was tested against 100 random trees to determine if it provided a significantly better fit to the sequence data than a random tree; this step was implemented to determine if phylogenetic signal could be detected in a given alignment. Random fixed topologies were generated with the rtree function from the ape R package, which randomly splits the edges; the evolutionary model from jModelTest for a particular gene fragment was used to re-estimate branch lengths with maximum likelihood in PhyML. Site-specific likelihoods were obtained using every random and maximum likelihood tree topology derived from the alignment using the \--print_site_lnl option in PhyML. The obtained distributions of site-specific likelihoods were compared across trees using the Shimodaira -Hasegawa (SH) test \[[@CR100]\] implemented in CONSELL v0.20 \[[@CR101]\]. Only estimated gene trees providing much stronger support for sequence data than all 100 trees of random topology (SH-test *p*-value = 1) were included in further analyses. Although some gene fragments were short, phylogenetic signal still sufficed to obtain gene trees that better fit the sequence data than did random trees (Additional file [5](#MOESM5){ref-type="media"}: Table S3).

Inferring species trees {#Sec14}
-----------------------

The resulting gene trees were used to reconstruct species trees for every dataset (Fig. [1](#Fig1){ref-type="fig"}, step 4). Inference was carried out using all the gene trees that passed the SH test in Astral.4.7.12 \[[@CR102]\] using the default parameter settings. Maximum likelihood gene trees were used to estimate the species tree topology. We also inferred 100 species trees using bootstrap replicates obtained during gene tree reconstruction and utilized them to evaluate clade support of the species tree.

Obtaining a list of candidate hybridization events using clusters in gene trees {#Sec15}
-------------------------------------------------------------------------------

Gene trees were used to produce a list of candidate hybridization events by summarizing the topology of multilabeled gene trees obtained for every fragment in the form of a consensus network (Fig. [1](#Fig1){ref-type="fig"}, step 5). An online tutorial illustrating the procedures in this section and the section below has also been developed \[[@CR103]\].

Although methods for inferring consensus networks have been implemented in a number of software packages, they were not applicable here due to computational burden on a dataset of the size we analyzed \[[@CR104]\] or restrictions on input data (Dendroscope, for instance, does not allow multilabeled trees) \[[@CR105]\]. We therefore developed a new procedure to obtain consensus networks on \>20 species, represented by multiple individuals, from hundreds of gene trees.

Our method proceeds as follows. Clusters corresponding to clades observed in a gene tree (for every given clade, defined as a set of unique labels marking the leaves of the clades), and associated with sufficiently high bootstrap values, were collected along with the number of gene trees in which they were observed. Clusters observed in at least a certain percent of the gene trees were collected, irrespective of their compatibility. Thus, incompatible clusters included could potentially generate reticulation structures in the species history. For instance, clusters {A, B} and {B, C} cannot be generated by a species history that does not contain a reticulation event leading to {B}. Threshold percent values of 15, 20, 30, 40, and 50% were tested. After no more highly supported clusters were left, additional clusters were included if they were compatible with those already collected and therefore would not generate new reticulation events in the species tree. For instance, cluster {A, B} would not be included if cluster {B, C} is already in the set as then an additional reticulation, the one that leads to {B}, would be required. This was done in a greedy consensus fashion, more frequently observed clusters were considered first, and clusters observed in \<2% of the gene trees were ignored. The final collection of clusters was summarized as a network, using a network-popping algorithm \[[@CR106], [@CR107]\]. Pseudo code appears in Additional file [4](#MOESM4){ref-type="media"}: Figure S6 and an implementation is available in an R script (Additional file [6](#MOESM6){ref-type="media"}). Networks were visualized using Dendroscope 3.2.8 \[[@CR105]\] and appear in Additional file [4](#MOESM4){ref-type="media"}: Figure S7.

Testing for ILS in putative hybridization events {#Sec16}
------------------------------------------------

Hybridization events detected in the cluster analysis at the consensus level of 15% or higher were further tested in an ILS-informed framework if they met two specific criteria. The level of 15% was used as the lowest threshold because the networks even at this level of confidence include a large number of hybridizations; a lower and more liberal threshold would be expected to yield less and less reliable candidates. The first criterion was that we only considered putative hybridization events involving diploid progenitors*.* Second, for polyploid species, we only tested hybridizations detected in datasets containing one polyploid at a time with polyploid species represented by haplotypes (datasets 6--14), as these datasets are expected to have more completely resolved gene trees than datasets containing additional polyploids. We also tested four cases of homoploid hybrid speciation detected in dataset 2 (diploids only, all consensus), and we tested the hybrid origin of *F. iturupensis* that was unsupported by the consensus network analysis, but that has been previously hypothesized (reviewed in \[[@CR79], [@CR108]\]).

In this step (Fig. [1](#Fig1){ref-type="fig"}, step 6), gene trees were utilized to test each putative hybridization event in an ILS-aware framework in STEM 2.0 \[[@CR74]\] and PhyloNet \[[@CR78]\]. For STEMhy analysis, gene trees were processed to retain only those tips corresponding to the potential hybrid and the possible progenitors as well as the outgroup lineage. The parameter θ, used by STEM 2.0 to convert gene tree branch lengths into coalescent units, was estimated locus-wise as the average distance between sequences from the same species, averaged across species included in each test. Multiple approaches for computing distances between sequences exist \[[@CR109]--[@CR112]\]; here for each sequence pair, distance was computed as a sum of branch lengths from the most recent common ancestor to the tips of the gene tree. The species tree was first inferred for a given collection of four species: the potential hybrid, two putative parental lineages, and the outgroup species (option 1 in STEM). Next, each potential hybridization event was tested in STEMhy using the same collection of gene genealogies, but supplying the inferred species tree estimated in the previous step and explicitly identifying the potential hybrid (option 3). Three alternative models, one involving hybridization and two without hybridization, were compared using the Akaike information criterion (AIC) reported by STEMhy. The model with the smallest AIC value was selected as best fitting the data (Table [1](#Tab1){ref-type="table"}). To evaluate the robustness of the inference, hybridization events were tested using 100 bootstrap samples from the original set of loci, and STEMhy was applied in the same way as it was carried out for the original set of loci.Table 1STEMhy tests of putative hybridizationsHybrid (ploidy)Parents (ploidy)Outgroup (ploidy of 2 is not shown)DatasetLevel of SupportΔ AICSelected model (% from all bootstrap runs)Estimated mixture fractions \[95% bootstrap interval\]*F. chinensis* (2)*F. pentaphylla* (2)\
*F. nipponica* (2)*Drymocallis*220%302hybr (88)*F. pentaphylla:* 98 \[2, 100\]\
*F. nipponica:* 2 \[0, 98\]*F. pentaphylla* (2)*F. chinensis* (2)\
*F. nubicola* (2)*Drymocallis*220%220hybr (100)*F. chinensis:* 8 \[4, 79\]\
*F. nubicola:* 92 \[21, 96\]*F. daltoniana* (2)*F. nilgerrensis* (2)\
*F. nipponica* (2)*Drymocallis*220%Run failed*F. vesca* (2)*F. mandshurica* (2)\
*F. bucharica* (2)*Drymocallis*240%4317hybr (100)*F. mandshurica:* 97 \[98, 93\]\
*F. bucharica:* 3 \[2, 7\]*F. corymbosa* (4)*F. pentaphylla* (2)\
*F. chinensis* (2)*Drymocallis*615%*F. corymbosa* was sister to a *F. pentaphylla/F. chinensis* clade in species tree inferred by STEM*F. gracilis* (4)*F. pentaphylla* (2)\
*F. chinensis* (2)*Drymocallis*715%*F. gracilis* was sister to a *F. pentaphylla*/*F. chinensis* clade in species tree inferred by STEM*F. moupinensis* (4)*F. pentaphylla* (2)\
*F. chinensis* (2)*Drymocallis*820%*F. moupinensis* was sister to a *F. pentaphylla*/*F. chinensis* clade in species tree inferred by STEM*F. orientalis* (4)*F. mandshurica* (2)\
*F. vesca* (2)*Drymocallis*915%*F. orientalis* was sister to a *F. mandshurica*/*F. vesca* clade in species tree inferred by STEM*F. tibetica* (4)*F. pentaphylla* (2)\
*F. nubicola* (2)*Drymocallis*1015%9no-hybr (63)*F. pentaphylla: 100* \[4, 100\]\
*F. nubicola:* 0 \[0, 96\]*F. moschata* (6)*F. viridis* (2)\
*F. mandshurica* (2)*Drymocallis*1120%1no-hybr (84)*F. viridis:* 0 \[0, 100\]\
*F. mandshurica:* 100 \[0, 100\]*F. moschata* (6)*F. viridis* (2)\
*F. vesca* (2)*Drymocallis*1120%12,450hybr (99)*F. viridis:* 79 \[72, 84\]\
*F. vesca:* 21 \[16, 28\]*F. moschata* (6)*F. mandshurica* (2)\
*F. vesca* (2)*Drymocallis*1130%1no-hybr (84)*F. mandshurica:* 100 \[0, 100\]\
*F. vesca:*0 \[0,100\]*F. chiloensis* (8)*F. vesca* (2)\
*F. iinumae* (2)*Drymocallis*1220%21,892hybr (100)*F. vesca:* 9 \[6, 34\]\
*F. iinumae:* 91 \[66, 94\]*F. virginiana* (8)*F. vesca* (2)\
*F. iinumae* (2)*Drymocallis*1320%38,048hybr (94)*F. vesca:* 39 \[32, 100\]\
*F. iinumae:*61 \[0, 68\]*F. iturupensis* (10)*F. vesca* (2)\
*F. iinumae* (2)*Drymocallis*14\<15%5996hybr (67)*F. vesca:*17 \[0, 99\]\
*F. iinumae* 83 \[1, 100\]

To conduct a comparable analysis in PhyloNet, gene genealogies were prepared in a similar way by trimming the gene trees to retain only those tips corresponding to the potential hybrid, possible progenitors, and the outgroup lineage. Because likelihood calculation in PhyloNet is computationally intensive, particularly with extensive intraspecific sampling, gene genealogies were trimmed to retain only up to 5 alleles per species, selected at random. To test each hybridization, a likelihood was computed for three scenarios of species evolution (one with hybridization and two without hybridization) using the CalGTProb function in PhyloNet. We supplied to PhyloNet the gene trees, the scenario of species evolution (represented by a network or tree), and a mapping of tips of gene trees to species. Parameter settings were: gene tree bootstrap threshold value, 15 for dataset 1 and 10 for all other datasets (−b 15 or -b 10); only topologies of the gene trees were used in the inference, not the branch lengths; and edge lengths and mixture fractions associated with hybridization events were estimated by the program (−o). AIC was used to compare models, as calculated using the log-likelihood produced by PhyloNet. The number of parameters was calculated as the number of species network (or tree) branches with estimated branch lengths plus one added parameter for each hybridization, as species contributions toward hybridization are also estimated by the program. The smallest-AIC model was selected; the AIC difference between the two best models is also reported (Table [2](#Tab2){ref-type="table"}).Table 2PhyloNet tests of putative hybridizationsHybrid (ploidy)Parents (ploidy)Outgroup (ploidy = 2)DatasetLevel of SupportΔ AICSelected modelEstimated mixture fractions*F. chinensis* (2)*F. pentaphylla* (2)\
*F. nipponica* (2)*Drymocallis*220%10hybr*F. pentaphylla:* 10\
*F. nipponica:* 90*F. pentaphylla* (2)*F. chinensis* (2)\
*F. nubicola* (2)*Drymocallis*220%8no-hybr*F. chinensis:* 0\
*F. nubicola:* 100*F. daltoniana* (2)*F. nilgerrensis* (2)\
*F. nipponica* (2)*Drymocallis*220%20hybr*F. nilgerrensis:* 64\
*F. nipponica:* 36*F. vesca* (2)*F. mandshurica* (2)\
*F. bucharica* (2)*Drymocallis*240%126hybr*F. mandshurica:* 72\
*F. bucharica:* 28*F. corymbosa* (4)*F. pentaphylla* (2)\
*F. chinensis* (2)*Drymocallis*615%57hybr*F. pentaphylla:* 45\
*F. chinensis:* 55*F. gracilis* (4)*F. pentaphylla* (2)\
*F. chinensis* (2)*Drymocallis*715%44hybr*F. pentaphylla:* 62\
*F. chinensis:* 38*F. moupinensis* (4)*F. pentaphylla* (2)\
*F. chinensis* (2)*Drymocallis*820%33hybr*F. pentaphylla:* 68\
*F. chinensis:* 32*F. orientalis* (4)*F. mandshurica* (2)\
*F. vesca* (2)*Drymocallis*915%56hybr*F. mandshurica:* 79\
*F. vesca:* 21*F. tibetica* (4)*F. pentaphylla* (2)\
*F. nubicola* (2)*Drymocallis*1015%24hybr*F. pentaphylla:* 52\
*F. nubicola:* 48*F. moschata* (6)*F. viridis* (2)\
*F. mandshurica* (2)*Drymocallis*1120%151hybr*F. viridis:* 8\
*F. mandshurica:* 92*F. moschata* (6)*F. viridis* (2)\
*F. vesca* (2)*Drymocallis*1120%340hybr*F. viridis:* 59\
*F. vesca:* 41*F. moschata* (6)*F. mandshurica* (2)\
*F. vesca* (2)*Drymocallis*1130%66hybr*F. mandshurica:* 90\
*F. vesca:* 10*F. chiloensis* (8)*F. vesca* (2)\
*F. iinumae* (2)*Drymocallis*1220%511hybr*F. vesca:* 18\
*F. iinumae:* 82*F. virginiana* (8)*F. vesca* (2)\
*F. iinumae* (2)*Drymocallis*1320%408hybr*F. vesca:* 10\
*F. iinumae:* 90*F. iturupensis* (10)*F. vesca* (2)\
*F. iinumae* (2)*Drymocallis*14\<15%285hybr*F. vesca:*3\
*F. iinumae* 97

Results {#Sec17}
=======

Targeted capture sequencing and assembly {#Sec18}
----------------------------------------

A total of 1419 exons and adjacent intron and untranscribed regions from 257 nuclear loci were targeted for sequencing in 53 individuals from 20 *Fragaria* species with ploidy number ranging from 2 to 10 and one individual from a diploid outgroup, *Drymocallis glandulosa*. From the 54 samples, 725,442,456 total reads were obtained after trimming (856 to 167,300,000 per individual) from two lanes of 101-bp single-end reads (170,386,591 reads) and two lanes of 101-bp paired-end reads (543,074,857 reads) on the Illumina HiSeq 2000, and one lane of 250-bp paired-end reads (11,981,008 reads) on the Illumina MiSeq. Of these reads, 48.35% aligned to the reference (19.44 to 78.61% across individuals), generating an average depth of 52 reads per position (4 to 387). The 39 *Fragaria* individuals with sufficient coverage (see Methods, Sequence and Haplotype Assembly, point 6) were included in further analyses (Fig. [1](#Fig1){ref-type="fig"}, Additional file [1](#MOESM1){ref-type="media"}: Table S1). The total length of the obtained consensus assembly was 33,797,493 bp (576,013 to 1,136,434 bp across individuals).

Sequence variability {#Sec19}
--------------------

Reference-based assembly, variant-calling, and variant analysis identified 183,253 total variable sites in the 40 individuals. The frequency of variable sites differed across genes and individuals (Additional file [4](#MOESM4){ref-type="media"}: Figure S8), ranging from 0 (in 21.5% of genes across individuals) to 2.3% (in gene30425, encoding probable polyol transporter 4, in a single *F. bucharica* individual, ID CFRA522, index 39). On average, *F. iturupensis* had the highest frequency of heterozygous positions averaged across individuals and genes (0.28%), and *F. daltoniana* had the lowest (0.014%), with an overall average of 0.14% across all of the individuals and genes.

Phylogenetic distances were calculated between consensus sequences for all interspecific comparisons (Additional file [4](#MOESM4){ref-type="media"}: Figure S9). Average interspecific distances showed a five-fold difference, ranging from 0.006 (*F. orientalis* to *F. mandshurica*) to 0.033 (*F. tibetica* to *F. iturupensis*) when averaged across loci and individuals.

Haplotype assembly and analysis {#Sec20}
-------------------------------

Genotypes were phased using linkage information in Illumina reads to reconstruct haplotypes for each of the 257 genes for every individual. Phasing success varied across genes and individuals and between diploids and polyploids (Additional file [4](#MOESM4){ref-type="media"}: Figure S10). The average length of the longest haplotype across all individuals and all loci was 3387 bp (Additional file [4](#MOESM4){ref-type="media"}: Figure S10). In total, 62% of heterozygous positions were incorporated into the longest haplotype. In 28% of genes (diploids, 23%; polyploids, 37%), all heterozygous positions were phased in the largest haplotype, representing the full length of the gene (Additional file [4](#MOESM4){ref-type="media"}: Figure S10).

Pairwise distances between haplotypes from the same *Fragaria* species ranged from 6.9 × 10^−4^ for *F. daltoniana* to 1.07 × 10^−2^ for *F. iturupensis*, averaging 3.94 × 10^−3^ (Additional file [4](#MOESM4){ref-type="media"}: Figure S3). Polyploids had larger average within-species pairwise distances between haplotypes than did diploids (5.3 × 10^−3^ compared to 2.8 × 10^−3^). *Fragaria chinensis* and *F. viridis* possessed the largest intraspecies distances among diploid species, 6.24 × 10^−3^ and 5.37 × 10^−3^, respectively (Additional file [4](#MOESM4){ref-type="media"}: Figure S3). These two diploids also had the highest frequency of heterozygous positions among all included taxa (Additional file [4](#MOESM4){ref-type="media"}: Figure S8). The three taxa with the highest ploidy, *F. virginiana* (8×)*, F. chiloensis* (8×)*,* and *F. iturupensis* (10×), had the most within-species variability (9.1 × 10^−3^, 9.4 × 10^−3^ and 1.07 × 10^−2^, respectively; Additional file [4](#MOESM4){ref-type="media"}: Figure S3).

Species phylogenies {#Sec21}
-------------------

We used the trees for each of the gene fragments to estimate relationships among *Fragaria* species in every dataset (Fig. [2](#Fig2){ref-type="fig"}), employing a coalescence-based analysis implemented in ASTRAL (Fig. [3](#Fig3){ref-type="fig"}, Additional file [4](#MOESM4){ref-type="media"}: Figure S11). Species-tree reconstruction for full and partial datasets are generally concordant, with the exception of datasets 1 and 5, for which haplotypes were used for all species (diploid taxa only or all taxa, respectively). These two phylogenies largely disagree with each other and with phylogenies inferred from other datasets (see heat map in Fig. [3](#Fig3){ref-type="fig"}), and they include clades unsupported by geography and morphology. As an example of incongruence involving these two datasets, *F. daltoniana* and *F. iinumae* are recovered as a clade sister to the remaining species in dataset 1, whereas dataset 5 shows a relationship between these two species commonly reflected in the remaining datasets (Fig. [1](#Fig1){ref-type="fig"}, Additional file [4](#MOESM4){ref-type="media"}: Figure S11). In contrast, both datasets 1 and 5 place *F. nilgerrensis* as sister to the "vesca" clade (Additional file [4](#MOESM4){ref-type="media"}: Figure S11), whereas other datasets generally place *F. nilgerrensis* as related to the "China" clade (Fig. [3](#Fig3){ref-type="fig"}). This difference among datasets is further highlighted by low bootstrap support (\<70%) for a number of clades in the species trees inferred for datasets 1 and 5. The inconsistency between datasets 1 and 5 and the other datasets is likely attributable to insufficient phylogenetic signal to resolve gene trees when including a large number of individuals as haplotypes. In comparing datasets 1 and 2, the sums of total sites and variable sites are (85,485; 7328) and (454,409; 39,068), respectively, and they are (281,984; 36,390) and (40,736; 5116) for datasets 4 and 5. For these reasons, all further analyses focus on the datasets in which the diploid species are represented by consensus sequences (datasets 2 to 4 and 6 to 14).Fig. 3Species trees reconstructed using ASTRAL for various sets of taxa. Topologies were tested using bootstrap trees generated by PhyML. Clades observed in \>85% of bootstrap replicates are not labeled, clades observed in 70 to 85% of replicates are marked with small circles, and those observed in \<70% of replicates are marked with large circles. Ploidy levels are shown for non-diploid species. Branch lengths are not to scale. Species trees for datasets 1 and 5 are not shown, but they are included in the supplementary material (Additional file [4](#MOESM4){ref-type="media"}: Figure S11). Distances between topologies of reconstructed species trees are calculated as described in the text, and they are plotted in the heat map at the top left. Distance ranges are encoded as follows: XS: \[0, 0.1\], S: (0.1, 0.2\], M: (0.2, 0.3\], L: (0.3, 0.4\], XL: (0.4, 0.5\], XXL: (0.5, 0.6\]

Species trees from datasets 2 (diploids only, all consensus sequence) and 3 (all taxa, all consensus sequence) are similar for the diploid species. Inclusion of the polypoid species (dataset 3) supports the presence of a China clade. However, the canonical vesca clade is split, with the octoploid and decaploid species more closely related to *F. iinumae* instead of *F. vesca*, likely reflecting the high contribution of *F. iinumae* to the nuclear genome of these species. Species trees based on datasets 3 and 4 (all taxa, haplotypes for polyploids) contain many of the same well-supported clades, but they differ broadly in the basal topology of the tree and the phylogenetic position of both *F. viridis* and *F. nilgerrensis* (Fig. [3](#Fig3){ref-type="fig"}).

For polyploid ancestry, both *F. corymbosa* (4×) and *F. gracilis* (4×) are sister to a *F. nubicola* (2×) and *F. pentaphylla* (2×) clade when they are included individually (datasets 6 and 7, respectively), but they form a sister relationship to a clade that includes *F. pentaphylla* and *F. moupinensis* (but not *F. nubicola*) when both species are present (datasets 3 and 4). This result is consistent with *F. pentaphylla* being a progenitor of these two tetraploid species, and is suggestive that *F. nubicola* might be the other progenitor.

*Fragaria moupinensis* (4×) consistently emerges as sister to *F. pentaphylla* (datasets 3, 4, and 8), and *F. tibetica* (4×) forms a clade with *F. nubicola* (datasets 3, 4, and 10). This result suggests that *F. pentaphylla* and *F. nubicola* are likely to be diploid progenitors of tetraploids *F. moupinensis* and *F. tibetica*, respectively. *Fragaria orientalis* (4×) and *F. moschata* (6×) often comprise a well-supported clade with the diploid *F. mandshurica* (datasets 3, 4, 9, and 11), though *F. vesca* is also closely allied with these polyploids (datasets 4, 9, and 11 in particular).

If the two octoploids and one decaploid are included, they consistently form a clade with the diploid *F. iinumae* (datasets 3, 4). When analyzed individually, *F. virginiana* (8×) and *F. iturupensis* (10×) are resolved as sister to *F. iinumae* (datasets 13 and 14, respectively). In contrast, the position of *F. chiloensis* (8×) is more strongly influenced by the contribution to its ancestry from the *F. bucharica, F. vesca,* and *F. mandshurica* clade (dataset 12).

Hybridization events detected using a consensus approach {#Sec22}
--------------------------------------------------------

Species tree reconstruction with ASTRAL produced topologies and major clades that are mostly consistent with previous reports on *Fragaria* evolution. However, species tree approaches do not seek to detect the hybridizations that might have led to the emergence of allopolyploid species. For this reason, consensus network analysis was performed to identify a list of putative hybridization events. Setting thresholds for the consensus networks at 15, 20, 30, 40 or 50%, robust patterns were detected that were consistent with hybridizations in gene tree topologies for a majority of the datasets (Fig. [4](#Fig4){ref-type="fig"} for dataset 8, Additional file [4](#MOESM4){ref-type="media"}: Figure S7 for all datasets).Fig. 4Cluster networks for dataset 8, constructed using all fragments passing the SH test against 100 random trees. The percent indicates the minimum support required for a cluster to be included in the procedure for identifying putative hybridizations. (**a**) 15. (**b**) 20. (**c**) 30. (**d**) 40. (**e**) 50%. The asterisk indicates a potential hybridization event leading to formation of tetraploid *F. moupinensis* at the highest confidence level. Networks for all datasets appear in Additional file [4](#MOESM4){ref-type="media"}: Figure S7

To identify promising hybridizations, we evaluated consensus networks for each dataset, starting with conservative thresholds (50 and 40%) and moving to more sensitive values (30, 20, and 15%) until a potential hybridization event yielding a polyploid was detected. For instance, in dataset 8 (Fig. [4](#Fig4){ref-type="fig"}), such a potential hybridization is detected at a level of 20%.

In dataset 4 (all taxa, haplotypes for polyploids), all polyploid species except for *F. gracilis* show signs of hybrid ancestry in the 20% consensus tree. For *F. corymbosa*, the parentage appears to be a cross between *F. gracilis* and *F. chinensis*. The ancestry of the remaining polyploids appears more complex. *Fragaria moupinensis* is descended from a mixture of *F. pentaphylla*, *F. nubicola,* and the tetraploid *F. tibetica*. *Fragaria tibetica* itself is derived from a mixture of *F. nubicola, F. pentaphylla,* and the tetraploid *F. moupinensis. Fragaria orientalis* appears to derive from a mixture of *F. mandshurica* and *F. viridis,* and the hexaploid *F. moschata. Fragaria moschata* appears to be derived from a mixture of the diploids *F. viridis* and *F. mandshurica* and the tetraploid *F. orientalis.* The only diploid indicated in the parentage of the highly polyploid species *F. chiloensis, F. virginiana*, and *F. iturupensis* is *F. iinumae*.

Three polyploid species among nine analyzed show evidence of hybrid ancestry in datasets that included one polyploid at a time (Additional file [4](#MOESM4){ref-type="media"}: Figure S7, datasets 6 to 14) in the 20% consensus network (*F. moupinensis, F. virginiana,* and *F. chiloensis*). *Fragaria moschata* has three potential sets of diploid progenitors, and these hybridizations are supported in the 20 or 30% consensus networks. Four additional polyploids (*F. corymbosa, F. gracilis, F. orientalis,* and *F. tibetica*) show evidence of hybrid ancestry in the 15% consensus networks (Additional file [4](#MOESM4){ref-type="media"}: Figure S7). The decaploid *F. iturupensis* is consistently sister to *F. iinumae,* and it possesses no hybrid ancestry at any level of support for the reticulation nodes (Additional file [4](#MOESM4){ref-type="media"}: Figure S7).

Among the China clade tetraploids, *F. moupinensis* is suspected to be derived from the hybridization of *F. pentaphylla* and *F. chinensis* (Additional file [4](#MOESM4){ref-type="media"}: Figure S7, dataset 8, 20% threshold), perhaps with a contribution from *F. nipponica*, although *F. pentaphylla* is also highlighted as a potential progenitor in dataset 4. Both *F. corymbosa* and *F. gracilis* also appear to be hybrids of *F. pentaphylla* and *F. chinensis* (Additional file [4](#MOESM4){ref-type="media"}: Figure S7, datasets 6 and 7, 15% threshold), although the network is more complex and has reduced support compared to that for *F. moupinensis*. The contribution from *F. chinensis* is also detected in dataset 4 for *F. corymbosa*, but the contribution from *F. pentaphylla* is not. *Fragaria tibetica* is hypothesized to be descended from *F. nubicola* in both the phylogeny with complete taxonomic sampling (Additional file [4](#MOESM4){ref-type="media"}: Figure S7, dataset 4, 20% network) and the one with *F. tibetica* as the sole polyploid (Additional file [4](#MOESM4){ref-type="media"}: Figure S7, dataset 10, 15% network). However, differences in additional potential contributors are apparent between those two datasets.

*F. orientalis* appears to be derived from hybridization between *F. mandshurica* and *F. vesca* (Additional file [4](#MOESM4){ref-type="media"}: Figure S7, dataset 9, 15% network), with a potential contribution from *F. bucharica*. Dataset 4 corroborates the *F. mandshurica* contribution, although it identifies *F. viridis* and *F. moschata* as contributing lineages. Ancestry of the hexaploid *F. moschata* appears to trace to three diploid species: *F. viridis, F. mandshurica,* and *F. vesca,* but the ancestry signals from *F. mandshurica* and *F. vesca* are more robust and detectable even at 30% support for reticulation nodes (Additional file [4](#MOESM4){ref-type="media"}: Figure S7, dataset 11). *F. bucharica* might also be a potential ancestor, as gene exchange in this clade is supported at the 30% level. Support for the contribution of *F. viridis* and *F. mandshurica* is seen in dataset 4, which also suggests *F. orientalis* as a progenitor of *F. moschata* (Additional file [4](#MOESM4){ref-type="media"}: Figure S7, dataset 4, 20% network).

The octoploids *F. chiloensis* and *F. virginiana* appear to be derived from hybridization between *F. iinumae* and a combination of *F. vesca, F. mandshurica,* and *F. bucharica* (Additional file [4](#MOESM4){ref-type="media"}: Figure S7, datasets 12 and 13), with support found at the 30% level for *F. chiloensis* and at 20% for *F. virginiana*. When considering only diploids, consensus detects no evidence of hybrid ancestry of the decaploid *F. iturupensis*, even at the lowest threshold. Only *F. iinumae* is detected as a sister clade in this dataset (Additional file [4](#MOESM4){ref-type="media"}: Figure S7, dataset 14).

Suggested ancestral lineages for polyploids are largely consistent between dataset 4, which includes all polyploids, and datasets 6--14, which include one polyploid species each. However, the differences are not unexpected due to different taxon sampling and different gene tree resolution in different datasets. Some of the potential progenitors identified are also consistent with previous reports, whereas others have not previously been suggested.

Determining hybridization versus ILS through model testing {#Sec23}
----------------------------------------------------------

Extensive ILS associated with short species tree branches might lead many gene trees to deviate from a species tree topology, generating gene tree discordance patterns similar to the one expected under hybridization. Therefore, gene tree discordance alone might not be an accurate indication of hybridization, and hybridizations detected using a consensus species network approach might be "false positives" due to ILS. For this reason, some putative hybridizations (see Methods section) identified with the consensus approach were evaluated in hypothesis-testing frameworks using PhyloNet and STEMhy, which allow detection of hybridization in the presence of ILS using gene tree topologies, with or without branch lengths (Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}).

Among the diploids, four putative cases of hybridization were tested with STEMhy and PhyloNet, and two of these cases were confirmed by both methods (*F. chinensis* and *F. vesca*; Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}). Both analyses confirm gene flow between *F. vesca* and *F. bucharica* and *F. mandshurica*. According to STEMhy, 97% of the *F. vesca* genome is descended from *F. mandshurica* and 3% from *F. bucharica,* whereas PhyloNet suggests corresponding values of 72 and 28%, respectively. This result highlights limited evidence for traditional species delimitation among these 3 taxa, and potentially suggests that the lineages should be considered a single species. *Fragaria chinensis* is supported as having hybrid origin by both methods, but the estimates of ancestral contributions are dissimilar (Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}). STEMhy has the ratio of contributions of *F. pentaphylla* to *F. nipponica* as 98:2 whereas PhyloNet reports 10:90.

According to PhyloNet, *F. daltoniana* also records gene flow in its history, with 64% of its genome descended from *F. nilgerrensis* and 36% from *F. nipponica*. However, as this finding is not confirmed by STEMhy and is not supported by morphology of the species or current geographic distribution, it should be viewed with caution. According to STEMhy, 92% of the *F. pentaphylla* genome is inferred to have *F. nubicola* origin, with 8% coming from *F. chinensis*; however, PhyloNet does not detect this gene flow. We note that an absence of haplotype sequences for diploids has made it difficult to confidently assess homoploid hybridizations.

For polyploids, STEMhy and PhyloNet were used to test 11 hybridization scenarios involving 9 potential hybrid species (Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}). Hybridization is confirmed in 4 by both programs (*F. moschata, F. chiloensis, F. virginiana, F. iturupensis*), whereas the remaining 7 are confirmed only by PhyloNet. In four of the cases (Table [1](#Tab1){ref-type="table"}), STEMhy resolved the polyploid as sister to the putative diploid progenitors confirmed by PhyloNet (Table [2](#Tab2){ref-type="table"}). This behavior of STEMhy might be attributed to the fact that it relies on gene tree branch length, which is hard to estimate in empirical studies. Three of 11 hybridization scenarios are alternative hypotheses for the origin of *F. moschata,* with only one of these hypotheses (*F. viridis* plus *F. vesca*) supported by both methods. In this latter case, the estimated *F. viridis* proportion (59% Phylonet, 79% STEMhy) suggests that two subgenomes originated with this species, and one from *F. vesca.* Although a hexaploid can have three different diploid ancestors, when one of the three ancestors is omitted, it seems logical to expect a ratio between 1:2 and 2:1 for the genomic contributions of the other two ancestors, depending on the phylogenetic distance between the missing ancestor and the ones included, rather than the skewed ratios (9:1) estimated by PhyloNet for the hypotheses about *F. moschata* origins rejected by STEMhy. The octoploids *F. chiloensis* and *F. virginiana* and the decaploid *F. iturupensis* are all supported as originating from hybridizations of *F. vesca* and *F. iinumae*, with mixture fractions suggesting a larger contribution from *F. iinumae* in all polyploids across both methods (Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}).

Discussion {#Sec24}
==========

Strategy employed for testing hybrid origins of species {#Sec25}
-------------------------------------------------------

A number of methods have been proposed for using multiple gene trees to infer species networks, which incorporate hybridization events important in the evolution of many taxa \[[@CR34], [@CR77], [@CR88], [@CR113]--[@CR115]\]. However, these methods are often challenging to apply, either because of computational overhead for ILS-aware likelihood-based methods or due to potentially misleading results for consensus methods naïve with regard to the coalescent process. We therefore designed a "hybrid" strategy that uses consensus to propose hybridizations in a species history and likelihood to test putative hybridizations in an ILS-aware framework (Fig. [1](#Fig1){ref-type="fig"}). This strategy avoids the computational burden of inferring species networks by de-novo likelihood construction, but it also evaluates and potentially excludes hybridizations erroneously identified by consensus approaches due to pervasive ILS along short branches in a species' history.

We designed this strategy to test potential hybrid origins of polyploid species in the genus *Fragaria*. Although we sought to identify hybridizations associated with allopolyploidy, our protocol can also be applied to hybridizations associated with homoploid evolution (hybrid speciation at the diploid level). It can potentially be applied to infer entire species networks by testing every putative hybridization, adding reticulation to a "background" species tree. A similar approach has been proposed for inferring reticulate species histories from SNP data \[[@CR116]\] and gene genealogies \[[@CR117]\], and it has been shown to perform well in simulations \[[@CR117]\].

Interestingly, 14 of 15 candidate *Fragaria* hybridizations that were identified using consensus were also supported by ILS-informed inference using PhyloNet (Table [2](#Tab2){ref-type="table"}). By contrast, only 7 of 15 successfully tested candidate hybridizations were supported by STEMhy (one failed run; Table [1](#Tab1){ref-type="table"}). Most polyploid *Fragaria* are suspected to be allopolyploids \[[@CR79]\], and therefore, evidence of hybrid origin of these species is expected. While PhyloNet confirmed 15 of 16 tested scenarios, and we suggest caution in interpreting these results, it should be noted that each of these hybridization events was supported in many individual gene trees, with significant support in the cluster networks (Fig. [4](#Fig4){ref-type="fig"} and Additional file [4](#MOESM4){ref-type="media"}: Figure S7). The discrepancy in results between STEMhy and PhyloNet likely arises from the fact that likelihood-based methods are sensitive to errors known to be pervasive in empirical gene trees, even at the level of gene tree topologies \[[@CR117]\]. Because STEMhy and PhyloNet differ in their response to gene tree error and are prone to different types of errors themselves \[[@CR117]\], we suggest that increasing confidence should be placed on those candidate hybridization events supported by both methods (6 events in Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}).

Haplotype assembly for phylogeny of polyploids {#Sec26}
----------------------------------------------

Individual haplotype sequences were inferred using linkage information present in Illumina reads. This strategy is rarely applied for phylogenetics and is underused in polyploids in comparison with consensus assemblies \[[@CR43], [@CR44], [@CR118]\]. For scenarios with di- or heterosomic inheritance, in which alleles from homeologous chromosomes are unable to coalesce prior to the ancestral lineage in which they co-existed as homologs, combining homeologous alleles into a consensus eliminates a signal of allopolyploid ancestry in individual gene trees. The consequences of such a data-processing strategy for gene tree topologies and for species network inferences from those topologies are unknown, though they can be assessed by simulation.

A challenge for our alternative approach is that haplotype assembly remains a formidable task, and loss of information due to short lengths of contiguous haplotype assembly can lead to poorly resolved or erroneous gene trees. For example, among the polyploid *Fragaria*, averaged over 257 genes and all species, haplotype assembly blocks averaged 80% of the complete target (ranging from 53 to 100%), leaving many assemblies with too little data to confidently estimate gene trees. This concern is largely circumvented using consensus assemblies, as assembled regions can simply be concatenated to achieve better resolution of gene trees. However, as mentioned above, concatenation comes with the loss of resolved haplotypes.

Haplotype assembly success varied across genes, individuals, and species. In particular, polyploids yielded more complete assemblies than diploids (Additional file [4](#MOESM4){ref-type="media"}: Figure S10). Averaged over all loci and all species, the longest haplotype assembly blocks for diploids contained only 37% of all heterozygous positions, whereas the longest haplotype per gene in polyploids contained 73.5% of heterozygous sites. This pattern differs from previous reports, in which haplotype assembly success was correlated negatively with ploidy \[[@CR55], [@CR56]\]. We offer two possible explanations. First, given the greater sequence divergence between homeologous sequences in polyploids, the increased variation likely aids in linkage of the short-read sequence data. Second, polyploid individuals were sequenced on the Illumina MiSeq with 250-bp paired-end reads, whereas diploids were sequenced by Illumina HiSeq with 101-bp reads (a combination of single-end and paired-end reads). Again, longer reads provide a greater opportunity to link variable sites separated by long stretches of homozygosity \[[@CR119]\]. Hence, we recommend using the longest reads available on a sequencing platform and utilizing paired-end reads as available \[[@CR87], [@CR120]\]. Additionally, using longer inserts or variable insert size in sequencing could also help in linking variable positions together, as has previously been observed \[[@CR121]\].

Several recent studies on polyploid evolution have used haplotype sequences from nuclear genes to reconstruct species networks \[[@CR41], [@CR113]\]. Due to the techniques employed, in which alleles are physically isolated prior to sequencing, these studies have utilized few genes; the use of a small number of loci in species tree reconstruction or network inference can lead to erroneous species tree estimates \[[@CR77], [@CR114], [@CR117]\]. Target capture and sequencing followed by haplotype assembly can address this concern by obtaining haplotype information for a large number of nuclear markers (257 nuclear genes). The approach both increases the accuracy of species network construction and has the potential to accurately identify a greater number of reticulation events associated with hybridization compared to use of fewer genes.

Hybrid origins of polyploid *Fragaria* species {#Sec27}
----------------------------------------------

This study is the first phylogenetic study to include all currently recognized species in the China clade. Previous studies using one \[[@CR79], [@CR81]\] or two \[[@CR80]\] species did not resolve hybrid origins of the tetraploids of this clade. Our PhyloNet analyses supported involvement of the diploid *F. pentaphylla* in the ancestry of tetraploids *F. corymbosa, F. gracilis, F. moupinensis*, and *F. tibetica* (Table [2](#Tab2){ref-type="table"}). *Fragaria chinensis* was supported as the other progenitor of the first three, whereas *F. nubicola* was supported for *F. tibetica.* In contrast, STEMhy resolved the four tetraploids as sister to these same diploid pairs, indicating potentially better performance of PhyloNet in resolving the China clade (Table [1](#Tab1){ref-type="table"}). Morphological evidence has been used to propose *F. chinensis* as an ancestor of *F. gracilis* and *F. corymbosa* \[[@CR78]\], consistent with PhyloNet and some consensus networks (Additional file [4](#MOESM4){ref-type="media"}: Figure S7). Based on morphological similarity, *F. tibetica* has been proposed as an autotetraploid derivative of *F. pentaphylla* \[[@CR122]\]. The association of *F. nubicola* and *F. tibetica* in PhyloNet and ASTRAL (Fig. [3](#Fig3){ref-type="fig"}, dataset 4) and some consensus networks (Additional file [4](#MOESM4){ref-type="media"}: Figure S7) argues against this hypothesis.

The remaining tetraploid, *F. orientalis*, has long been associated with the vesca clade. Staudt \[[@CR123]\] described the diploid *F. mandshurica* as a distinct species, and proposed that *F. orientalis* was its autotetraploid descendant. Here, ASTRAL recovered *F. mandshurica, F. vesca* and *F. moschata* as sisters of *F. orientalis*. PhyloNet also confirms *F. mandshurica* and *F. vesca* as progenitors of the tetraploid *F. orientalis.* The hexaploid *F. moschata* has been considered a hybrid of diploids *F. viridis* and *F. vesca* \[[@CR80]\]; this claim is supported by both STEMhy and PhyloNet. Our results also indicate potential ancestry involving *F. mandshurica* (PhyloNet, but not STEMhy), which has not been previously proposed. This signal raises the possibility that *F. moschata* has one subgenome from each of these 3 species. Genetic linkage mapping will be required to substantiate this hypothesis.

Phylogenetic analysis of genetically mapped linkage groups has confirmed a single origin of the octoploids *F. chiloensis* and *F. virginiana*, and identified *F. vesca* subsp. *bracteata, F. iinumae,* and two genomes corresponding to an extinct ancestor closely related to *F. iinumae* as progenitors of the octoploids \[[@CR30]\]. Our STEMhy and PhyloNet results show a greater contribution of *F. iinumae* than *F. vesca* to the ancestry of the octoploids, though most estimates exceed the predicted 3:1 mixture fraction. The dominant *F. iinumae* ancestry is also observed with ASTRAL and most of the consensus network results (Fig. [3](#Fig3){ref-type="fig"} and Additional file [4](#MOESM4){ref-type="media"}: Figure S7).

The STEMhy analyses (Table [1](#Tab1){ref-type="table"}) estimated 17% *F. vesca* ancestry in the decaploid *F. iturupensis*. This outcome could be attributable to recent hybridization between an octoploid *F. iturupensis* \[[@CR112]\] and the diploid *F. iinumae*, resulting in four *F. iinumae* subgenomes and one *F. vesca* (expected 20%). Surprisingly, the Phylonet estimate is only 3% *F. vesca* ancestry in *F. iturupensis*. However, this is consistent with its underestimates of 10 and 18% *F. vesca* ancestry (vs. 25% expected) in the octoploids *F. virginiana* and *F. chiloensis*, respectively. The difficulty in estimating the ancestry of the octoploid and decaploid species demonstrates the challenge of deciphering higher-order polyploidy even with a large set of gene trees.

Conclusions {#Sec28}
===========

In summary, here we designed a protocol to assess reticulate ancestry of diploid and polyploid *Fragaria* species using next-generation sequencing data. The approach makes use of individual-level sequences and haplotypes, employing multiple loci in a consensus framework to propose hybridizations, and testing those hybridizations using likelihood. We have suggested novel phylogenetic hypotheses that contribute to an understanding of genome evolution in *Fragaria*, at the same time demonstrating that for a clade with multiple ploidies represented, even a relatively large dataset can be insufficient to confidently resolve the entire hybridization history. A challenge in the analysis has been the complexity of the processing required to make the data from various species of different ploidy commensurable, and we have made a number of simplifications. We expect that as both NGS technology and computational techniques for processing reads in polyploids improve, it will be increasingly possible to produce high-quality haplotypes that can enable refined inferences of the evolutionary histories of polyploids.
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